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The composition of a series of hydroxycarbonate precursors to copper/zinc oxide methanol synthesis catalysts prepared under
conditions reported as optimum for catalytic activity has been studied. Techniques employed included thermogravimetry (TG),
temperature-programmed decomposition (TPD), X-ray diraction (XRD), high-resolution transmission electron microscopy
(HRTEM), and Raman and FTIR spectroscopies. Evidence was obtained for various structural phases including hydrozincite,
copper hydrozincite, aurichalcite, zincian malachite and malachite (the concentrations of which depended upon the exact Cu/Zn
ratio used). SigniÐcantly, previously reported phases such as gerhardite and rosasite were not identiÐed when catalysts were
synthesized at optimum solution pH and temperature values, and after appropriate aging periods. Calcination of the hydroxy-
carbonate precursors resulted in the formation of catalysts containing an intimate mixture of copper and zinc oxides.
Temperature-programmed reduction (TPR) revealed that a number of discrete copper oxide species were present in the catalyst,
the precise concentrations of which were determined to be related to the structure of the catalyst precursor. Copper hydrozincite
decomposed to give zinc oxide particles decorated by highly dispersed, small copper oxide species. Aurichalcite appeared to result
ultimately in the most intimately mixed catalyst structure whereas zincian malachite decomposed to produce larger copper oxide
and zinc oxide grains. The reason for the stabilization of small copper oxide and zinc oxide clusters by aurichalcite was investi-
gated by using carefully selected calcination temperatures. It was concluded that the unique formation of an anion-modiÐedÏ
oxide resulting from the initial decomposition stage of aurichalcite was responsible for the bindingÏ of copper species to zinc
moieties.
For the past 30 years copper-based methanol synthesis cata-
lysts have been successfully used for the formation of meth-
anol from syngas at a temperature of ca. 230 ¡C and pressures
ranging from 50È100 atm. In addition the low-temperature
water-gas shift reaction also occurs on a copper catalyst of
dierent composition to that used for methanol synthesis.
However, there is an increasing desire to enhance the activity
of these catalysts, particularly in the case of methanol forma-
tion where the conversion per pass is normally only ca. 25%.
It would be very beneÐcial if the temperature for reaction
could be lowered as this would result in an increased equi-
librium yield. Furthermore, reduction in the operating pres-
sure would also allow capital cost savings to be achieved since
the need for expensive, and at times unreliable, compressors
could be reduced. Consequently, considerable research has
been devoted to the development of improved catalysts.1h3 A
major obstacle to catalyst evolution has been a lack of funda-
mental knowledge regarding the active site involved and also
the mechanism of methanol synthesis. The ICI Ï view is that
methanol synthesis activity is simply related to copper surface
area and that the oxide support is present to stabilize the
copper particles.4 Although this idea has received substantial
support evidence has been provided which indicates that other
factors may be of importance. Burch and co-workers5h7 have
shown that hydrogen spillover may be of importance since
they noted that the identity of the oxide support used did
aect the catalytic activity (although the linear relationship
between copper surface area and activity was still obtained).
Millar et al.8 have also proposed that interfacial formate
species located at the boundary between copper and zinc
oxide may also play a minor role in the industrial reaction.
This idea has been vindicated by Vanden Bussche and
Froment9 who used TPD techniques to detect the presence of
signiÐcant concentrations of interfacial formate under low-
pressure conditions. In agreement with Millar et al.8 they con-
cluded that the presence of this latter species may be the
reason for the confusion in the literature regarding synergy in
the Cu/ZnO system. In contrast, the early opinion of Klier10
that Cu` sites stabilized in the ZnO lattice are the active
species still continues to generate interest. To complicate
matters further Frost11 has postulated that copper is not
necessary for an active methanol synthesis catalyst and has
proposed a junction eect theory to explain catalyst activity.
It is apparent from the outlined controversy that a logical
approach to catalyst development is not straightforward,
however, it is obvious that the exact catalyst structure created
is of extreme importance. Eorts have been made in recent
years to optimize the current Cu/ZnO-based methanol synthe-
sis catalyst. An important variable appears to be the aging
period in the solution following the initial precipitation
procedure12 as it was noted that a copper-enriched malachite
phase developed at the expense of aurichalcite. Additionally,
the catalyst activity is intimately related to the exact catalyst
composition employed. Rasmussen et al.13 concluded that the
optimum ratio was ca. 75/25 for Cu/ZnO although, as a
caveat, they added that the method of preparation and activa-
tion inÑuenced the catalytic activity. Sengupta et al.14 also
noted that the precise method of catalyst synthesis could exert
a dramatic eect upon the resultant catalyst activity, indeed
no activity was observed when ammonium hydroxide was
used as a precipitant.
Li and Inui15 recently concluded that a pH of 7 and a tem-
perature of 343 K was optimum for the initial coprecipitation
procedure. Here, we attempt to evaluate by a number of tech-
niques the nature and structure of the precipitates formed
using the latter conditions for a wide range of Cu/ZnO
compositions. From a detailed understanding of the catalyst
structures produced it should be possible to gain an insight
into the underlying reasons for enhanced catalytic
activity.
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Experimental
Precursors of the Cu/ZnO catalyst series with a variety of
Cu/Zn ratios in the range 0/100 to 100/0 were synthesized via
the coprecipitation method. BrieÑy, a solution of sodium
hydrogen carbonate was added dropwise over a(NaHCO3)period of 20 min at 65 ¡C to an aqueous solution containing
appropriate quantities of 1 M copper and/or zinc nitrates. The
resultant precipitates were then aged for 90 min in the mother
liquor while being subjected to continuous stirring. Finally,
the precipitates were Ðltered and thoroughly washed several
times with distilled water. The samples were dried overnight
at 100 ¡C.
After the precipitated species were dry the precursors were
selectively calcined in air, using a muffle furnace with euro-
therm heat controller, at 500 and 350 ¡C. At both tem-
peratures the calcination was performed for 3 h to ensure that
all the material had been calcined.
TGA was performed using a Perkin Elmer TGA 7 series
instrument linked to a Perkin Elmer TAC 7/DX thermal
analysis controller. Typically, 15 mg of sample was added to
the sample pan and the decomposition of the precipitates was
monitored while heating in a Ñow of nitrogen at a heating rate
of 20 ¡C min~1.
XRD analysis was performed on all samples using a
Siemans D5000 goniometer with Cu-Ka radiation, for a count
time of 0.3 s with step sizes of 2h \ 0.05¡. Multipasses (3
scans) were performed to enhance signal to noise ratio. XRD
traces were assigned from relevant database JCPDS powder
patterns.
Samples were mounted on a carbon grid for HRTEM
analysis. Images were obtained using a Jeol 2010 transmission
electron microscope operating at an accelerating voltage of
200 kV.
Mass spectrometric analysis of the precipitate decomposi-
tion was achieved by placing 50 mg of sample in a 4 mm id
stainless steel tube incorporated in an electrically heated
furnace integrated to a microreactor facility. The sample was
swept out with a Ñow of helium at 50 ml min~1 and the tem-
perature raised at 20 ¡C min~1 while continuous monitoring
of evolved gases was performed by a Balzers Thermocube
quadrupole mass spectrometer. TPR experiments were con-
ducted in the same apparatus, the only dierence being that a
calcined sample was exposed to a 50 ml min~1 Ñow of 10%
hydrogen in helium.
Raman spectra were recorded using a Renishaw Raman
microprobe equipped with a HeÈNe laser operating at a
power of 1 mW, the scattered light was collected by a CCD
detector. Typically, 16 scans were acquired at a resolution of 4
cm~1 and spectral manipulation was achieved by use of
GramsResearch software (Galactic Industries).
IR spectra were recorded using a PE2000 FTIR spectro-
meter equipped with an MCT detector. The sample was pre-
pared by dilution in a KBr matrix followed by pressing into a
self-supported disc. Spectra were recorded at 4 cm~1
resolution and a satisfactory signal to noise level was gained
by scanning 64 times.
Results and Discussion
Hydroxycarbonate precipitates
100% Zinc. The DTG proÐle for the precipitate resulting
from addition of sodium hydrogen carbonate to a solution
containing only zinc nitrate exhibited one distinct weight loss,
characterized by a maximum rate of decomposition at 263 ¡C
[Fig. 1(a)]. In accordance with this observation carbon
dioxide [Fig. 2(a)] and water [Fig. 3(a)] were noted to desorb
coincidentally at 276 ¡C. The identity of the material is
revealed by the corresponding XRD pattern [Fig. 4(a)] which
shows a series of reÑections typical for hydrozincite
The FTIR spectrum [Fig. 5(a)] consisted[Zn5(CO3)2(OH)6].
Fig. 1 DTGs of precursors to Cu/ZnO catalysts : (a) 0% Cu, 100%
Zn; (b) 10% Cu, 90% Zn; (c) 20% Cu, 80% Zn; (d) 30% Cu, 70% Zn;
(e) 40% Cu, 60% Zn; (f ) 50% Cu, 50% Zn; (g) 60% Cu, 40% Zn; (h)
70% Cu, 30% Zn; (i) 80% Cu, 20% Zn; ( j) 90% Cu, 10% Zn and (k)
100% Cu, 0% Zn
of bands which all correlated well with those reported by
Sengupta et al.14 for the spectrum of hydrozincite. In addition,
the Raman spectrum for this precipitate [Fig. 6(a)] showed an
intense peak at 1061 cm~1 ascribed to the symmetric stretch-
ing mode of a carbonate ion, which correlated with the spec-
trum of hydrozincite provided by Herman et al.16 The
Fig. 2 Carbon dioxide peaks (m/z\ 44) for TPD of precursors to
Cu/ZnO catalysts : (a)È(k) as in Fig. 1
Fig. 3 Water peaks (m/z\ 18) for TPD of precursors to Cu/ZnO
catalysts : (a)È(k) as in Fig. 1
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Fig. 4 XRD traces for precursors to Cu/ZnO catalysts : (a)È(k) as in
Fig. 1
reported decomposition temperature for hydrozincite of
245 ¡C 17 is in reasonable agreement with our data and the
recorded weight loss also supported the assignment of the pre-
cipitate to hydrozincite. Additionally, in accord with the
Fig. 5 FTIR spectra for precursors to Cu/ZnO catalysts : (a)È(k) as
in Fig. 1
Fig. 6 Raman spectra for precursors to Cu/ZnO catalysts : (a)È(k) as
in Fig. 1
recent study of Fujita et al.18 no evidence of sodium zinc car-
bonate (the precursor species to[Na2Zn3(CO3)4 É 3H2O]hydrozincite) was found. This was due to the long aging
period employed in this study which was sufficient to achieve
the time-dependent conversion of sodium zinc carbonate to
hydrozincite in the mother liquor. (Note that no attempt was
made to determine whether the formation of sodium zinc car-
bonate would be present following a reduction in the aging
period.) The decomposition process can be summarized as
follows :
Zn5(CO3)2(OH)6] 5ZnO] 3H2O ] 2CO2 ;
Tmax\ 263 ¡C
90% Zinc, 10% copper. Addition of 10% copper to the
catalyst system caused the loss feature in the DTG proÐle
[Fig. 1(b)] to shift to 270 ¡C. Furthermore, the decomposition
process recorded was noted to occur over a wider temperature
range relative to the pure hydrozincite sample [Fig. 1(a)],
indicating that the precipitate may have become more amorph-
ous in character, a hypothesis which is supported by the cor-
responding XRD pattern [Fig. 4(b)] which shows a hydro-
zincite pattern, albeit with signiÐcantly broadened peaks [cf.
Fig. 4(a)]. This behaviour may be explained if one assumes
that the copper has formed a solid solution with the hydro-
zincite phase. Shen et al.19 have suggested the presence of a
copper hydrozincite Ï phase in hydroxycarbonate structures
with low amounts of copper. It is noted that the formula of a
copper hydrozincite phase is the same as the general form
given for aurichalcite [(Cu,Zn) however, there5(CO3)2(OH)6] ;is a distinct dierence in the local bonding environments.
Aurichalcite has recently been shown to exist as crystals which
are monoclinic and twinned20 and not as the orthorhombic
structure which had previously been reported.21 Hydrozincite
J. Chem. Soc., Faraday T rans., 1998, V ol. 94 595
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is also monoclinic in structure and consists of double layers of
close-packed oxygen atoms, with metal atoms in octahedral
holes, as well as tetrahedrally coordinated metal atoms. In
contrast, aurichalcite also has Ðve-coordinate metal atoms.
Hence, it can be concluded that, above a certain copper con-
centration distortions are induced in the hydrozincite lattice
which result in the aurichalcite phase. FTIR also indicated
that discrete structural changes were occurring in the hydro-
zincite lattice owing to the presence of copper ions as it was
apparent that the hydroxy and carbonate stretching spectral
regions were attenuated [Fig. 5(b)] relative to the pure hydro-
zincite situation [Fig. 5(a)]. Raman spectroscopy also showed
that the carbonate species were modiÐed by the presence of
copper as the most intense carbonate vibration was now atl11070 cm~1. However, hydrozincite could still be clearly identi-
Ðed by the shoulder at 1056 cm~1 [Fig. 6(b)].
80% Zinc, 20% copper. When the copper concentration
was adjusted to 20% more dramatic changes were induced in
the catalyst structure. The DTG proÐle now exhibited three
distinct losses at 280, 332 and 407 ¡C and, interestingly, only
the Ðrst two losses were accompanied by co-evolution of
carbon dioxide [Fig. 2(c)] and water [Fig. 3(c)]. The highest-
temperature weight loss resulted only in the production of
carbon dioxide [Fig. 2(c)]. Accordingly, the relevant XRD
pattern for this material [Fig. 4(c)] could not be assigned to
the presence of only one phase, instead there appeared to be
evidence for both hydrozincite and aurichalcite structures. The
data of Himelfarb et al.22 is especially useful in distinguishing
between the various hydroxycarbonate species. Aurichalcite is
best resolved in the XRD proÐle by establishing the presence
of reÑections at 2h \ 34.1¡, 41.9¡ and 50.1¡, and these reÑec-
tions did indeed appear in Fig. 4(c). FTIR supported this con-
clusion since a shoulder developed at 1570 cm~1 [Fig. 5(c)],
indicative of the asymmetric CwO stretching mode of a car-
bonate species associated with an aurichalcite phase.12 Simi-
larly, Raman spectroscopy also revealed changes in the
carbonate symmetric stretch proÐle with the largest bandl1being located at 1074 cm~1 with only a comparatively weak
shoulder at 1060 cm~1 [Fig. 6(c)]. Herman et al.16 investi-
gated the Raman spectra of synthetic and natural aurichalcite
and found that the mode was located at ca. 1078 cm~1. Thel1observation of aurichalcite is consistent with the previously
outlined discussion regarding the transformation of the hydro-
zincite phase into an aurichalcite structure above a certain
limiting copper concentration (in this case 20%).
70% Zinc, 30% copper. Further elevation of the copper
content to 30% induced several changes in the precipitate
composition, as seen by inspection of the DTG proÐle in Fig.
1(d). The main loss occurred with maximum rate at 355 ¡C
and it was evident that various other decompositions were
present, although it was difficult to determine precisely how
many events were there owing to masking by the most intense
feature. Nevertheless, the mass spectrometry results were able
to resolve this situation as it was clear that carbon dioxide
was formed at temperatures of ca. 320, 390 and 465 ¡C [Fig.
2(d)]. In contrast, only a broad peak due to water evolution
was noted between 250 and 450 ¡C and so again it is apparent
that the temperature with the main weight loss is caused by a
carbonate decomposition. Himelfarb et al.22 and Shen et al.19
have both reported that the composition of a Cu/Zn precursor
of molar ratio 30/70 is monophasic aurichalcite in character.
However, the primary method of investigation in the cited
studies was XRD which is not deÐnitive owing to the simi-
larity of patterns for the hydroxycarbonates in this system.
From our study it is apparent that some copper hydrozincite
is still present at this Cu/Zn composition. This conclusion is in
accord with the XRD investigation of Harding et al.20 which
indicated that the observed twinning in the aurichalcite struc-
ture was due to the occasional insertion of the hydrozincite
layer in the aurichalcite structure, a fact which highlights the
difficulty in obtaining pure aurichalcite.
60% Zinc, 40% copper. Increasing the copper content to
40% resulted in a DTG proÐle exhibiting two distinct losses
at 368 and 497 ¡C. SigniÐcantly, only the initial loss feature
gave rise to the coincident evolution of carbon dioxide [Fig.
2(e)] and water [Fig. 3(e)], in contrast to the second decompo-
sition step which simply produced carbon dioxide. The XRD
pattern [Fig. 4(e)] was an excellent match for that of aurichal-
cite provided by Plyasova et al.23[(Zn0.6Cu0.4)5(CO3)2(OH)6]which they indexed in terms of the space group (andP21/mnot the usually stated space group21). However, in theB2212light of the recent work of Harding et al.20, the latter assump-
tion that the aurichalcite lattice is monoclinic would appear to
be a fortuitous one. Similarly, Fujita et al.18 have recently
assigned a comparable XRD proÐle to the aurichalcite phase,
hence it is highly probable that we have formed aurichalcite in
this investigation. Strong support for this conclusion was
given by IR analysis as the spectrum for this material [Fig.
5(e)] corresponded with that provided by Waller et al.12 for
aurichalcite. Similarly, the Raman spectrum also indicated the
formation of essentially a single-phase sample, as only one
sharp band was found at 1073 cm~1 in the symmetric carbon-
ate stretching region [Fig. 6(e)] in accordance with an assign-
ment to aurichalcite. The overall weight loss in the DTG
experiment was also consistent with the starting material
having the aurichalcite structure. It therefore remains for the
second weight loss region to be explained. The magnitude of
the loss indicates the removal of one carbon dioxide species
from the material, as supported by the corresponding mass
spectrum [Fig. 2(e)]. Yurieva24 has noted that the DTG
proÐle of an aurichalcite phase contains a loss at 520 ¡C (in
accord with our observations). The author was of the opinion
that the Ðrst loss at ca. 370 ¡C was due to the decomposition
of the hydroxycarbonate structure to produce an anion-
modiÐedÏ oxide i.e. an oxide in which some oxygen ions are
replaced by either OH~ or species. This study cor-CO32~roborates this postulate with the added detail that the anion-
modiÐed oxide only contains carbonate species. The
decomposition process can be summarized as follows ;
(Cu0.4Zn0.6)5(CO3)2(OH)6 ]
(Cu0.4Zn0.6)5O4(CO3) ] 3H2O ] CO2 ; Tmax\ 368 ¡C
(Cu0.4Zn0.6)5O4(CO3) ]
(Cu0.4Zn0.6)O5] CO2 ; Tmax\ 497 ¡C
50% Zinc, 50% copper. Further addition of copper to a
level of 50% caused the appearance of another phase, in addi-
tion to the previously determined aurichalcite. The DTG
proÐle showed four losses at 280 (weak shoulder), 368, 414
and 512 ¡C. As before, the highest-temperature feature is
assigned to the desorption of carbon dioxide [Fig. 2(f )] from
an anion-modiÐed oxide structure resulting from the partial
decomposition of aurichalcite at 368 ¡C (which gave rise to the
expected evolution of carbon dioxide [Fig. 2(f )] and water
[Fig. 3(f )]). The XRD pattern for the precipitate contained
several reÑections in addition to those typical for aurichalcite
[Fig. 4(f )]. Inspection of the relevant JCPDS database
revealed that the unassigned peaks were characteristic of a
phase with a malachite structure. The FTIR spectrum [Fig.
5(f )] also illustrated the development of peaks at 1510, 1408
and 1368 cm~1 which were similar to bands found in the spec-
trum of malachite.12 Raman spectroscopy substantiated this
conclusion [Fig. 6(f )] since it was clear that a shoulder at 1094
cm~1 had appeared in addition to the stretching mode atl11073 cm~1 for the carbonate species in aurichalcite. However,
the decomposition of pure malachite occurs[Cu2(CO3)(OH)2]
596 J. Chem. Soc., Faraday T rans., 1998, V ol. 94
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at a single temperature of 327 ¡C (see below) giving rise to the
evolution of carbon dioxide and water. Consequently, it is
plausible to assume that the malachite structure has been
modiÐed by zinc. The observation of two distinct decomposi-
tion regimes can be explained if one assumes that a zincian
malachite Ï phase has been synthesized. This deduction is sup-
ported by solubility limit calculations which show that 30È
40% zinc can be incorporated into the malachite lattice17 and
the experimental data of Porta et al.17 which proves that at
least 15% zinc can be included in a monophasic malachite
structure.
40% Zinc, 60% copper. Increase of the copper concentra-
tion to 60% did not result in any drastic changes to the pre-
cipitate structure. The DTG proÐle contained losses at 364
and 497 ¡C, attributed to aurichalcite decomposition, and 277
and 412 ¡C attributed to zincian malachite decomposition,
respectively [Fig. 1(g)]. These assignments were supported by
the relevant XRD pattern [Fig. 4(g)] which again showed
peaks due to aurichalcite and malachite. The main dierence
for this material in relation to the former sample containing
50% copper was the noted intensiÐcation of features due to
the zincian malachite phase relative to those for aurichalcite.
The FTIR spectrum [Fig. 5(g)] showed the enhancement of
maxima at 1105 and 1057 cm~1 which were typical for mala-
chite [cf. Fig. 5(k)] and the Raman spectrum [Fig. 6(k)]
accordingly indicated that the shoulder at 1094 cm~1 ascribed
to zincian malachite had further developed at the expense of
the band at 1073 cm~1 assigned to aurichalcite.
30% Zinc, 70% copper. As the copper content was
increased to 70% the data acquired from all the techniques
used indicated that further zincian malachite creation was
occurring at the expense of the aurichalcite phase. The inter-
pretation is similar to that given in the previous case for the
sample containing 60% copper.
20% Zinc, 80% copper. The DTG pattern for this precipi-
tate was signiÐcantly simpler than the proÐle obtained for that
composed of 30% Zn and 70% Cu with only two weight
losses detected at 392 and 455 ¡C [Fig. 1(i)], accompanied by
both carbon dioxide [Fig. 2(i)] and water [Fig. 3(i)] evolution.
The corresponding XRD pattern [Fig. 4(i)] indicated the for-
mation of a malachite structure with no evidence for the auri-
chalcite phase. The initial weight loss at 392 ¡C is consistent
with the decomposition of carbonate and hydroxy species
which are associated with the zinc ions in the lattice whereas
the second loss is explained by the decomposition of carbon-
ate and hydroxy species bonded to copper ions.
10% Zinc, 90% copper. Two distinct weight loss regions
could be discerned at ca. 267 and 370 ¡C when this precipitate
was linearly heated [Fig. 1( j)] and, in both instances, carbon
dioxide [Fig. 2( j)] and water [Fig. 3( j)] were co-evolved. As
for the precipitate consisting of 20% Zn and 80% Cu the
XRD pattern conÐrmed the presence of only one material
whose structure was based upon the malachite
lattice. Furthermore, in accordance with[Cu2(CO3)(OH)2]the hypothesis that the initial weight loss was due to decom-
position of species associated with zinc ions in the structure
the magnitude of the weight loss was accordingly reduced
when changing from 20 to 10% zinc concentration. The mass
spectra illustrating the desorption of carbon dioxide [Fig. 2( j)]
and water [Fig. 3( j)] also showed that the quantity of zinc
species in the malachite lattice was diminished.
100% Copper. The DTG proÐle of the material resulting
from precipitation of a copper nitrate solution with sodium
hydrogen carbonate consisted of one distinct weight loss at ca.
327 ¡C [Fig. 1(k)] which correlated with the simultaneous for-
mation of carbon dioxide [Fig. 2(k)] and water [Fig. 3(k)]. It
has been reported that malachite decom-[Cu2(CO3)(OH)2]
poses at temperatures between 303 ¡C19 and 318 ¡C,15 which
is in excellent agreement with this study. The relevant XRD
pattern [Fig. 4(k)] also indicated the presence of a pure
sample of malachite. Corroboration was provided by the
FTIR spectrum [Fig. 5(k)] which clearly showed an array of
peaks characteristic of malachite.12 SigniÐcantly, the width of
the XRD reÑection peaks was notably less than those
obtained in the patterns for the zincian malachite materials
[Fig. 4(i),( j)]. This latter observation has also been recorded
by Shen et al.19 who indicated that the crystallinity of the
malachite was reduced by the addition of zinc. The decompo-
sition of malachite can be represented as follows :
Cu2(CO3)(OH)2 ] 2CuO] CO2 ] H2O; Tmax \ 327 ¡C
The data can be summarized graphically as shown in Fig. 7.
Estimates of the concentration of each phase were based upon
a combination of the TG and mass spectrometric data. In
general terms, Fig. 7, not unexpectedly, resembles a similar
phase diagram compiled by Shen et al.19 However, our
version is more reÐned owing to the considerable diversity of
techniques which we employed in this study. In particular, the
composition range over which aurichalcite forms is notably
reduced in our study. Moreover, we obtained more substantial
evidence to support the formation of zincian malachite and
copper hydrozincite phases. One aspect to note is that rosasite
[(Cu,Zn) and gerhardite phases2CO3(OH)2] [Cu2(OH)3NO3]which have been observed by several authors14,16,25 were not
detected in this study. This is in agreement with the study of
Li and Inui15 who demonstrated the importance of solution
pH and the aging process during the synthesis procedure.
Calcined catalysts
All the precipitated hydroxycarbonate materials were calcined
in air at 500 ¡C for 3h in order to convert the samples to oxide
catalysts. The calcination temperature was chosen on the basis
of the DTG experiments which suggested that temperatures in
this region were necessary to achieve almost complete decom-
position of all the samples evaluated. A higher temperature
was not used on the basis of the study by Plyasova et al.23
which concluded that temperatures in excess of 450È500 ¡C
were detrimental to subsequent catalytic activity for methanol
synthesis.
XRD analysis of catalysts calcined at 500 ÄC. The series of
XRD proÐles recorded for the samples studied showed a
straightforward progression from pure ZnO [Fig. 8(a)] to
pure CuO [Fig. 8(k)] with the mid-range compositions com-
Fig. 7 Composition of precursors to Cu/ZnO catalysts. M: mala-
chite, A : aurichalcite, H: hydrozincite.
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Fig. 8 XRD traces for precursors to Cu/ZnO catalysts following cal-
cination at 500 ¡C: (a)È(k) as in Fig. 1
prising of oxide ratios related to the loading of copper and
zinc species present.
TPR. TPR proÐles were accumulated for the entire series of
calcined copper/zinc oxide catalysts in order to see whether
the initial precursor composition has any eect upon the
reducibility of the copper species. Fig. 9(a) shows that pure
ZnO did not reduce under the experimental conditions in
accordance with the study of Fierro et al.26 At low concentra-
tions of copper [Fig. 9(b)] the reduction proÐle could be
deconvoluted into three peaks at 185, 225 and 245 ¡C. Similar
behaviour has been reported by Fierro et al.26 wherein they
observed two peaks at 177 and 200 ¡C which were assigned to
copper species in intimate contact with zinc oxide and larger
copper oxide particles, respectively. Kalchev et al.27 also
noted the appearance of three peaks at ca. 170, 180 and 198 ¡C
which were assigned to the reduction of Cu2` to Cu`, amorp-
hous copper oxide and Cu2` ions in ZnO, respectively. The
intermediate feature increased remarkably as the copper
loading was raised to 20% [Fig. 9(c)] owing to the enhanced
formation of amorphous copper oxide grains. At a level of
30% copper the proÐle became dominated by the reduction of
Cu2` ions in the ZnO lattice (reduction peak at 250 ¡C). From
our data it can be deduced that the growth of aurichalcite
coincided with the enhancement in concentration of the Cu2`
species dissolved in ZnO. SigniÐcantly, as the amount of auri-
chalcite increased, the formation of small amorphous copper
particles was promoted [Fig. 9(e)]. This increase in copper
oxide dispersion was further enhanced in the 50 : 50 Cu/Zn
material [Fig. 9(f )], as evidenced by the shift in to 195 ¡C.TmaxThe composition of the catalyst precursor comprised a
mixture of zincian malachite and aurichalcite and thus it may
be that a cooperative eect occurred between these two
materials to produce a Ðnely divided catalyst. As the copper
loading was increased from 50 to 100% [Fig. 9(f )È(k)] two
separate but related eects were observed. First, the reduction
peak gradually shifted to higher temperature, which suggested
that a greater concentration of larger sized copper oxide par-
ticles were being formed, in accordance with the data of
Kalchev et al.27
HRTEM analysis of catalysts calcined at 500 ÄC. HRTEM
was used to characterize the structure of the calcined copper/
zinc oxide catalysts. Fig. 10 shows a series of images acquired
at a magniÐcation of 100 000] for a variety of catalysts used
in this study. At high levels of zinc oxide the particles are seen
to be ca. 50È80 nm in diameter and of an angular shape, sug-
gestive of ZnO crystals which are known to crystallize in a
hexagonal lattice formation [Fig. 10(a)]. Energy dispersive
spectroscopy (EDS) analysis of individual particles supported
the conclusion that the particles were essentially composed of
zinc oxide although evidence was also obtained for the pres-
ence of copper species on each individual zinc oxide grain. As
Fig. 9 TPR proÐles for Cu/ZnO catalysts after calcination at 500 C:
(a)È(k) as in Fig. 1
the copper loading was increased to 30% [Fig. 10(b)] the
average particle size appeared to decrease slightly, indeed,
close inspection of the micrograph indicated the presence of a
substantial concentration of particles with diameters in the
range 10È25 nm. Further copper addition [Fig. 10(c), (d)]
resulted in a structure which was highly agglomerated and
consisted of grains of diameter 10È50 nm. Elevation of the
copper content to 70% induced signiÐcant crystal growth
Fig. 10 TEMs of catalysts which had been calcined at 500 ¡C: (a)
10% Cu, 90% Zn; (b) 30% Cu, 70% Zn; (c) 40% Cu, 60% Zn; (d)
50% Cu, 50% Zn; (e) 70% Cu, 30% Zn and (f ) 80% Cu, 20% Zn
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[Fig. 10(e)]. Evidence for comparatively large grains of zinc
oxide (ca. 100 nm) and CuO (ca. 50È100 nm) was observed. At
even higher copper loading [Fig. 10(f )] the grains assumed a
more spherical shape and were ca. 50 nm in diameter.
In summary, the TEM data Ðrst suggest that the identity of
the precursor signiÐcantly inÑuences the Ðnal microstructure
of the calcined catalyst. Copper hydrozincite decomposes to a
structure which is composed of relatively large zinc oxide
grains containing a concentration of copper in intimate
contact with the ZnO surface. This observation is in excellent
agreement with the TPR results which indicate that a concen-
tration of Ðnely dispersed copper oxide particles is dispersed
over the zinc oxide surface (see above). The production of rea-
sonably small catalyst particles at a composition of 30 : 70
Cu/Zn is consistent with the appearance of greater propor-
tions of aurichalcite in the precursor powder. Increasing the
amount of aurichalcite does lead to a catalyst which appears
more homogeneous in character [cf. Fig. 10(c), (d)] and this
relates to previous ideas that the structure of aurichalcite is
conducive to the formation of well mixed particles where
copper and zinc oxide are in close contact. Again this infor-
mation is supported by the TPR study which concluded that
the aforementioned compositions consisted of highly dispersed
copper oxide particles on zinc oxide clusters. Not unex-
pectedly, at the higher copper loadings, large copper oxide
and zinc oxide grains were formed as the concentration of
aurichalcite decreased at the expense of growth of zincian
malachite. Again the TPR data corroborated the latter
observation precisely.
XRD analysis of catalysts calcined at 350 ÄC. The most sig-
niÐcant factor from the previous discussion regarding the
eect of precursor composition upon the structural stabiliza-
tion of small oxide particles was the inÑuence of the aurichal-
cite phase. From our TG data it was apparent that
aurichalcite was unique in that it decomposed to produce an
anion-modiÐed oxide material [cf. Fig. 1]. The carbonate
species remaining on the modiÐed oxide lattice did not
decompose until a temperature of at least 450 ¡C was attained.
It is interesting to note that this calcination temperature cor-
related with the value determined by Plyasova et al.23 above
which catalytic activity decreased. Consequently, it is hypoth-
esized that the strongly bound carbonate anions on the auri-
chalcite structure may act to stabilize the formation of
intimately mixed, small copper and zinc oxide species. To test
this postulate the series of copper/zinc hydroxycarbonate
powders were calcined at a temperature of 350 ¡C and then
analysed by XRD.
Fig. 11 shows the XRD traces obtained for the entire range
of copper/zinc catalysts following calcination at a temperature
of 350 ¡C. Fig. 11(a) contained three distinct reÑections due to
zinc oxide species although, in contrast to the corresponding
Fig. 11 XRD traces for precursors which had been calcined at
350 ¡C: (a)È(k) as in Fig. 1
samples calcined at 500 ¡C, [Fig. 8(a)] these lines were signiÐ-
cantly broader. This can be interpreted in terms of the average
grain size of the zinc oxide species which can be deduced to be
substantially smaller when the catalyst was calcined at the low
temperature. Particle sintering induced by the use of high tem-
perature provides a simple explanation of the observed data.
Incorporation of copper into the precursor certainly resulted
in the appearance of reÑections due to copper oxide [Fig.
11(b)È(d)] after calcination. However, the peaks ascribed to
copper oxide were very diuse in comparison with the samples
calcined at 500 ¡C. Again, it can be inferred that sintering was
reduced at the calcination temperature of 350 ¡C.
Substantial changes were recorded when the precursor of
composition 40% copper, 60% zinc was calcined [Fig. 11(e)].
All reÑections characteristic of copper oxide and zinc oxide
species became very diuse ; this cannot be explained satisfac-
torily in terms of reduced sintering. Inspection of the precur-
sor composition reveals this sample to be almost entirely
composed of aurichalcite. Hence, the hypothesis that the
anion-modiÐed oxide may lead to extra stabilization of both
small copper oxide and zinc oxide particles appears to be sup-
ported by this data. This argument was further strengthened
by the proÐles shown in Fig. 11(f ) and (g) as they also
exhibited extremely diuse reÑections and again the precursor
material consisted of high concentrations of the aurichalcite
phase. As the quantity of aurichalcite was reduced the XRD
traces became narrower [Fig. 11(h), (i)] and eventually, as the
zinc was removed, the proÐle became dominated by reÑections
typical of copper oxide [Fig. 11( j) and (k)].
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